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Abstract

This thesis consists of two research problems in the air conditioning (A/C) area.
For the first problem, the aim is to model and simulate a variable refrigerant flow (VRF)
air conditioning system. The coefficient of performance (COP) for refrigeration or heat
pump system is one of the critical parameters for designing an air conditioning system.
The modeling of the system components for a VRF cycle under different cooling
conditions using R-134a and R-22 as refrigerants was carried out. Calculations were
performed by varying different parameters such as condenser and evaporator
temperatures, and refrigerant type. The R-134a refrigerant shows a better performance
when multiple evaporators are present. Part load performance evaluation was also done
for both refrigerants. The simulation results compared reasonably well with available
experimental data.
In the second problem, the objective is to develop a mathematical model that
covers the mass, energy, entropy, and exergy balances of a typical air conditioning
system. The model examines how the exergy efficiency of an air conditioning system can
be used to measure its performance, bypass configuration, and additional significant
environmental factors that affect an A/C system’s design. The effects of outside air
parameters, room parameters, room sensible and latent heat loads, and dead state
properties on exergy efficiency were investigated. The range of parameters covered
included outside air temperature (To= 25-60oC) and relative humidity (RHo = 50-85%),
viii

sensible heat load ( Qsen = 11.50-13.25 kW), latent heat load ( Qlat = 3.00-4.75 kW), room
air temperature (Tr= 18-25oC), and relative humidity (RHr= 30-44%), and outsidemixture air flow rate ratio ( qo / q m = 0.21-0.71). Two novel dead state conditions were
selected to further analyze their effects on the system. Present exergy results indicate that
an A/C system is quite sensitive to air properties, sensible and latent cooling loads, and
dead state conditions.
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Chapter 1: Introduction

1.1 Literature Review (Variable Refrigerant Flow)
The primary function of all air conditioning systems is to provide thermal comfort
for building occupants. There is a wide range of system types available, starting with the
basic window-fitted unit to the very latest variable refrigerant flow (VRF) and variable
air volume (VAV) equipment. Determining which system best suits the cooling capacity
needs will depend on several factors. VRF air conditioning systems, for example, are well
known for their high coefficient of performance (COP) which directly contributes to
energy cost savings.
There are two basic types of VRF systems: cooling or heating only and energy
recovery. Energy recovery systems can simultaneously cool and/or heat different parts of
the air conditioned area. Refrigerants R-22 and R-134a are widely used in air
conditioning applications. Nowadays, most VRF systems provide cooling and heating
using refrigerant R-410a as the working fluid because of its zero potential to
environmental impact. The consumption of fossil fuels and the emissions of greenhouse
gases associated with energy generation lead to considerable monetary costs and
environmental consequences. An alternative solution for this increasing demand of
electrical power is the implementation of VRF systems due to its flexibility and high
efficiency in comparison with traditional central air conditioning systems.
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In general, there is one compressor in each VRF unit. The VRF system capacity
can be adjusted by varying the compressor’s frequency to match the thermal load
condition. The indoor units in a VRF system can be independently controlled by
regulating the refrigerant flow rate to meet the cooling or heating requirements in each
room. The flexibility of a VRF system is especially suited for a building with different
functional rooms and complicated load conditions, such as hospitals, hotels, apartment
complexes, and shopping centers. Conventional systems would require several
condensing units or additional duct work to reach these same results.
Stoeker and Jones [1] gave an example about the dairy industry where VRF
systems are used because one evaporator is required to cool the milk at 2.2°C and a
second evaporator freezes the ice cream at -35.0°C. Such systems can be studied and
applied to all industrial buildings with multiple cooling zones utilizing a variety of
temperature ranges as required. Strand et al. [2] suggested that new HVAC systems
development must be simulated and studied through software. Xia et al. [3]
experimentally examined the VRF system and measured values of pressure and
temperature at different locations of the cycle.
Goetzler [4] discussed the history and applications of VRF systems. They were
initially developed in Japan more than two decades ago. Nowadays, approximately half
of medium-sized commercial buildings and one-third of large commercial buildings are
using VRF systems in Japan [4]. The author suggested that buildings with multiple
cooling/heating zones such as multi-story buildings are best fit for a VRF system. The
usefulness of the VRF system is its ability to control the flow of refrigerant to each
evaporator. This will provide personal comfort in multiple zones even though they are all
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connected to one condensing unit. It can also provide cooling in one zone and heating in
another zone by transferring the heat removed from the cooling zone to the heating zone.
Duct losses which can account for 20% of total airflow can be eliminated by using a VRF
system [4].
Zhou et al. [5] compared the VRF system with two conventional air conditioning
units. As part of their analysis, the authors found that the VRF unit is the most energy
efficient system. They found that the VRF system was 22.2% more efficient than VAV
system. Also the VRF unit was 11.7% more energy efficient than the fan-coil plus fresh
air (FPFA) system. Zhou et al. [6] simulated and experimentally monitored the variable
refrigerant volume (VRV) system on an hourly basis. The authors found that VRV
system has higher coefficient of performance than their rating. Aynur et al. [7] compared
VRF systems to VAV systems numerically and found that VRF systems can save from
27.1% to 57.9% of energy.
Wang et al. [8] presented a numerical model to calculate the coefficient of
performance for a partial load VRF system. Li et al. [9] numerically studied a watercooled VRF system where water was used to cool the condensing unit instead of air.
Most of the simulated data using EnergyPlus was in agreement with the measured data
obtained from Dalian, China. Conversely, the measured coefficients of performance
(COP) were lower than the simulated ones. Li and Wu [10] found that the heat recovery
VRF system can save up to 17% of the energy consumption compared to a heat pump
VRF system setup. This heat recovery VRF system offered an additional advantage that it
can provide cooling and heating for different zones at the same time. Bettanini et al. [11]
developed a mathematical model for calculating the part load performance of an air
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conditioning system based on experimental values obtained from laboratory tests.
According to the authors, only one full load test and one part load test for the system are
required to find the correlations for part load ratio (PLR) and part load factor (PLF).

1.2 Literature Review (Exergy)
The energy needed to process and circulate air in buildings and to control the
humidity and temperature has increased continuously during the last decades especially
in developing countries. This energy demand was caused by the increase of thermal loads
to fulfill occupant comfort demands, climate changes, and architectural trends. Energy
and fuel cost savings and air conditioning system optimization are becoming more
important in engineering design of psychrometric processes. In the case of an air
conditioning system design, generally energy consumption can be minimized by
analyzing losses in the system. One tool of analyzing losses is to analyze the exergy
efficiency of a system. Exergy or availability of a system represents its maximum work
potential at a given state. Therefore, exergy loss is a key factor to evaluate the
thermodynamic performance of a system. By doing such an analysis, one can determine
the parameters which have greater effect on the system and can be improved.
Krakow [12] discussed the relationships between irreversibility, exergy
destruction, and entropy generation for different heat pumps. The author studied how the
concepts of irreversibility, exergy destruction, and entropy generation are closely related
mathematically and conceptually for the components and complete heat pump system.
The author also emphasized that the component’s irreversibility has to be related to the
entire system’s irreversibility. The thermal, mechanical, and chemical exergy of moist air
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were examined by Chengqin et al. [13]. The authors showed the results for different
evaporative cooling models. In addition, the authors mentioned the importance of the
dead state temperature selection in order to simplify the exergy calculation. Cervantes
and Torres-Reyes [14] conducted an experimental exergy analysis of solar assisted heat
pumps. The authors found that solar assisted heat pumps can be improved by reducing
exergy losses in collector evaporator.
The effects of heating and cooling loads on system performance and exergy
efficiency were investigated by Bilgen and Takahashi [15]. The authors used
experimental data to calculate the coefficient of performance (COP) of the system. They
found that the exergy efficiency decreases with the increase of the cooling or heating
load. Qureshi and Zubair [16] studied various psychrometric processes by using exergy
analysis. Exergy calculations were done for several processes to determine the effect of
inlet properties, and their effects on some output parameters and the exergy efficiency of
the system. Utlu and Hepbasli [17] presented a study on the necessity of increasing
exergy efficiency in residential and commercial buildings. Additionally, the authors
indicated the importance of using the natural resources more efficiently to manage the
increasing demand for electricity.
The exergy analysis of the air conditioning system for hot and humid climate was
conducted by Alpuche et al. [18]. The authors showed hourly exergy efficiency data for
different systems and suggested that the exergy analysis can be used for building design
purposes. A procedure for estimating the minimum work required for air cooling and
dehumidification units was developed by Alhazmy [19]. Rosen et al. [20] showed that the
exergy analysis of a system should be done in order to reach sustainability. The exergy
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analysis could guide us to understand how much impact the environment has on a system
in order to improve its design. Muangnoi et al. [21] applied exergy analysis to a counter
flow wet cooling tower. The authors found that the only way to identify the maximum
performance of the system was by exergy analysis. Wei and Zmeureanu [22] performed
energy and exergy analysis for variable air volume systems. The authors found that the
exergy efficiency range was from 2% to 3% and the rest is waste of energy. Ahmad et al.
[23] carried out a review of the exergy destruction and efficiency of a vapor compression
refrigeration system. As part of the results, the authors found that the exergy of the cycle
depends on many factors such as evaporating and condensing temperatures, sub-cooling,
compressor power, and dead state temperature. They found that the highest exergy loss
occurred in the compressor component of the system. Kanoglu et al. [24] presented the
exergy formulation for various psychrometric processes that include simple heating or
cooling, evaporative cooling, heating with humidification, cooling with dehumidification,
and adiabatic mixing. Their results showed the advantages of using exergy analysis to
improve the efficiency of psychrometric processes.

1.3 Objectives

1.3.1 Variable Refrigerant Flow
From the literature review in section 1.1, it can be noticed that even though a
number of studies have considered the VRF system, only a few have examined the effects
of the condenser and multiple evaporator temperature conditions for different choices of
working fluid. Therefore, this study attempted to carry out a comprehensive investigation
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of the coefficient of performance (COP) for a variable refrigerant flow air conditioning
system under different conditions. This included taking into account the surrounding
conditions using a number of refrigerants as the working fluid and both full and part load
conditions. Results are presented for both R-134a and R-22. In addition, a comparison
was done between current variable refrigerant flow cycle results and a single evaporator
cycle results. Finally, a comparison between experimental data from Hitachi and Toshiba
catalogs to the current cycle under the same conditions has been done to strengthen and
support present results.

1.3.2 Exergy
Although several investigations provided very useful information, only a few
attempted to produce an exergy analysis for a group of psychrometric processes that
happens in a HVAC system. In addition, none of the studies have considered the
integration of the exergy destruction in a room, although it is a very important part of the
HVAC system design. These studies only focused on the adiabatic mixing,
dehumidification, refrigerant, heat pump, or condensing unit of the system. The objective
of the present research is to study a standard air conditioning system through exergy
analysis including the condensing unit, room, and environment under several cooling
load conditions. The mass, energy, entropy, and exergy balances and exergy efficiency
relations for some key air conditioning system processes are included as a part of the
mathematical modeling of the system. Two dead state conditions were selected and
analyzed. The first dead state temperature selection is equal to the outside temperature.
Kanoglu et al. [24] and many others used the dead state temperature as the inlet
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temperature of the system. The second dead state temperature selection is equal to the
thermodynamic reference temperature as discussed by Moran et al. [25].
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Chapter 2: Analysis of a Variable Refrigerant Flow Air Conditioning System

2.1 Mathematical Model
The simulation model was built using CHEMCAD [26], which is a software used
for chemical process simulation. The properties of the working fluid were generated
within the CHEMCAD software using the Peng Robinson equilibrium and enthalpy
model [27]. In order to verify the accuracy of simulated results, hand calculations were
done for a sample system using thermodynamic properties linked in Moran et al. [25].
The calculated results showed an excellent agreement with the simulated results obtained
from CHEMCAD.
Figure 2.1 shows a schematic of the refrigeration cycle for a variable refrigerant
flow air conditioning system. The arrow that is going toward the compressor is the total
working fluid feed stream. A refrigerant flow control is used after the condenser to
separate the mass flow rate for each evaporator based on each evaporator’s temperature
and cooling load. The refrigerant flow control is one of the design challenges for the VRF
systems and is thoroughly investigated in Kim et al. [28] and others. The masses flowing
out of evaporators 1 and 2 enter thermal expansion valves to bring them to the same
pressure as evaporator 3 before mixing and reconnecting them to the compressor.
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Condenser

Compressor
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Figure 2.1: Schematic diagram of the variable refrigerant flow refrigeration cycle.
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The thermodynamic model was developed by performing mass and energy
balance at each component of the system. Figure 2.2 shows the P-h diagram of the cycle

Pressure, P (kPa)

which illustrates the behavior of the system at each point.

3

2
4

5

7
10

8
11
1 9 6

Specific enthalpy, h (kJ/kg)

Figure 2.2: Pressure versus specific enthalpy diagram of the cycle.
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The mass flow rate for each evaporator can be obtained by an energy balance for each
evaporator as follows:
m1 

m2 

m3 

Qevap1

(1)

h5  h4
Qevap2

(2)

h8  h7
Qevap3

(3)

h11  h10

The total mass flow rate can be written as:

mtot  m1  m2  m3

(4)

The enthalpy of the compressor’s inlet can be calculated by an energy balance around the
connecting node:
h1mtot  h6 m1  h9 m2  h11m3

(5)

The actual enthalpy of the compressor’s outlet can be determined by using its efficiency
as shown:

c 

h2isen  h1
h2  h1

(6)

The rate of work of the compressor can be calculated as follows:
Wc  mtot (h2  h1 )

(7)

Therefore, the coefficient of performance of the VRF system can be calculated as:
COP 

Qevap1  Qevap2  Qevap3

(8)

Wc

Since most air conditioning systems are oversized by design, the concept of part
load performance has been developed recently defining a system that is not operating at
12

its full load capacity. The part load calculation can be a useful tool in analyzing the
performance of a system operating at part load conditions.
The part load ratio (PLR) can be calculated as follows:
PLR 

Pc cyc

(9)

Pc full

The part load factor (PLF) can be written as:
PLF 

PLR
aPLR  b

(10)

where a and b are constants obtained from experimental work done by Bettanini et al.
[11].

2.2 Results and Discussion

2.2.1 Base Model
The standard model of the VRF cycle runs with R-134a and the design
compressor efficiency equal to 70%. All three evaporators have a cooling capacity of 12
kW each. Evaporator 1, evaporator 2, and evaporator 3 are set at a temperature equal to
4°C, 0°C, and -4°C. The condenser temperature is 40°C. There is no pressure drop in the
evaporators and the condenser as shown in the P-h diagram in figure 2.2. There is no
parasitic power input. The resultant coefficient of performance in this case was equal to
3.77 based on the entire set of the VRF cycle conditions.
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2.2.2 Sensitivity Analysis
The coefficient of performance for the VRF system as a function of the
condenser’s temperature for R-134a with different evaporator’s temperature is shown in
Figure 2.3. The temperature of evaporator 1, evaporator 2, and evaporator 3 were set at
4°C, 0°C, and -4°C respectively. In figure 2.3, it can be noted that the coefficient of
performance decreases as the outdoor temperature increases. The increment of the
outdoor temperature, reduce the efficiency of the condenser and the amount of heat
eliminate to the ambient. Therefore, the system has to do more work to maintain the same
temperature by increasing the mass flow rate of the R-134a refrigerant. This effect causes
the drop of the coefficient of performance for the VRF system.
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Temperature of condenser, Tcond (°C)
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Figure 2.3: Effects of the temperature of the condenser on COP for R-134a (Tevap1= 4°C,
Tevap2= 0°C, Tevap3= -4°C).
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The coefficient of performance for the VRF system as a function of the
condenser’s temperature for R-134a with different evaporator’s temperature is shown in
Figure 2.4. The temperature of evaporator 1, evaporator 2, and evaporator 3 were set at
8°C, 0°C, and -8°C respectively. In figure 2.4, it can be noted that the coefficient of
performance decreases as the outdoor temperature increases. The increment of the
outdoor temperature, reduce the efficiency of the condenser and the amount of heat
eliminate to the ambient. Therefore, the system has to do more work to maintain the same
temperature by increasing the mass flow rate of the R-134a refrigerant. This effect causes
the drop of the coefficient of performance for the VRF system. By comparing figure 2.3
to figure 2.4, one can notice a slight decrease of the COP when the range of evaporators’
temperatures increases.
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Figure 2.4: Effects of the temperature of the condenser on COP for R-134a (Tevap1= 8°C,
Tevap2= 0°C, Tevap3= -8°C).
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Figure 2.5 shows the effects of the cooling capacity of the evaporators on the rate
of work of the compressor for R-134a. The range of the cooling capacities studies are 1014 kW. All other conditions were kept at base condition. Figure 2.5 shows that as the
cooling capacity of the system increases, the compressor rate of work increases. This is
because the increase of the cooling capacity will increase the total mass flow rate of the
system. Therefore, the compressor has to do more work to keep the other conditions
constant.
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12

Compressor rate of work, Wc (kW)
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Figure 2.5: Effects of the cooling capacity of the evaporators on the compressor rate of
work for R-143a (Tevap1= 4°C, Tevap2= 0°C, Tevap3= -4°C).
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The effects of part load ratio (PLR) on part load factor (PLF) for refrigerant R134a is shown in figure 2.6. All values of the system were taken at base condition. The
first run was taken with 100% cooling load for each evaporator. At that time the VRF
cycle was set to run at full load, the result was as expected with a PLF of 100% by using
equation (10) and by calculating the PLR from equation (9). Subsequently, all of the
evaporators were set at 75%, 50%, and 25% of the cooling load for the following
additional runs. As expected the PLF results decreased with the reduction of the cooling
load for the VRF system as shown in figure 2.6.
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PLF
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0.25
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Figure 2.6: PLF versus PLR for R-134a (Tevap1= 4°C, Tevap2= 0°C, Tevap3= -4°C).
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1

Figure 2.7 shows the effects of the temperature of the condenser on coefficient of
performance for R-134a and R-22. The temperature of evaporator 1, evaporator 2, and
evaporator 3 were set at 4°C, 0°C, and -4°C respectively. The coefficient of performance
for R-134a was higher than R-22. This effect shows the ability of the R-134a refrigerant
to reject more heat at the same condensing temperature when used for multiple
evaporators’ temperatures. Therefore, the system has to do less work to maintain the
same temperature by using the R-134a refrigerant under the same VRF cycle conditions.
The increment of the outdoor temperature, decrease the efficiency of the condenser and
the coefficient of performance of the VRF system in general.
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Figure 2.7: Effects of the temperature of the condenser on COP for R-22 and R-134a
(Tevap1= 4°C, Tevap2= 0°C, Tevap3= -4°C).
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Figure 2.8 shows the effects of the temperature of the condenser on coefficient of
performance for R-134a and R-22. The temperature of evaporator 1, evaporator 2, and
evaporator 3 were set at 8°C, 0°C, and -8°C respectively. The coefficient of performance
for R-134a was higher than R-22. This effect shows the ability of the R-134a refrigerant
to reject more heat at the same condensing temperature when used for multiple
evaporators’ temperatures.
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Figure 2.8: Effects of the temperature of the condenser on COP for R-22 and R-134a
(Tevap1= 8°C, Tevap2= 0°C, Tevap3= -8°C).
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Figure 2.9 shows the effects of the cooling capacity of the evaporators on the rate
of work of the compressor for R-22 and R-134a. The range of the cooling capacities
studies are 10-14 kW. All other conditions were kept at base condition. Figure 2.9 shows
that as the cooling capacity of the system increases, the compressor rate of work
increases. This is because the increase of the cooling capacity will increase the total mass
flow rate of the system. Therefore, the compressor has to do more work in order to
maintain the other conditions constant. Figure 2.9 also shows that the VRF system with
R-134a uses less compressor power than a VRF system with R-22.
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Figure 2.9: Effects of the cooling capacity of the evaporators on the compressor rate of
work for R-22 and R-143a (Tevap1= 4°C, Tevap2= 0°C, Tevap3= -4°C).
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Figure 2.10 shows the effects of PLF on PLR for refrigerants R-134a and R-22.
All three of the evaporators were set at the base condition as well as the condensing
temperature for all runs. The first run was taken with 100% cooling load for each
evaporator. At that time the VRF cycle was set to run at full load and the result was as
expected with a PLF of 100% by using equation (10) and by calculating the PLR from
equation (9). Subsequently, all of the evaporators were set at 75%, 50%, and 25% of the
cooling load for the following additional runs. The PLF results are almost identical for
both refrigerants and decrease with the reduction of the cooling load of the VRF system
as shown in figure 2.10.
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Figure 2.10: PLF versus PLR for R-22 and R-134a (Tevap1= 4°C, Tevap2= 0°C, Tevap3= 4°C).
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The coefficient of performance as a function of the condenser’s temperature of R134a refrigerant for one and three evaporators is shown in figure 2.11. The 3 evaporators’
cycle were kept at the base conditions, while the 1 evaporator cycle was set with a
cooling capacity of 36 kW and evaporator temperature of 0°C. The following figure
shows that the VRF cycle has lower coefficient of performance compared to vapor
compression cycle. This is due to the different evaporators’ temperatures which require
different mass flow rates of the refrigerant; therefore, it affects the overall coefficient of
performance.
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Figure 2.11: Effects of the temperature of the condenser on COP for one and multiple
evaporators’ cycle using R-134a.

31

Table 2.1 shows a comparison between the coefficients of performance obtained
from Hitachi [29] and Toshiba [30] catalogs to the present coefficient of performance
results for the VRF system. The Hitachi catalog has a VRF air conditioning system with a
value of COP equal to 4.85, while the Toshiba catalog has a VRF air conditioning system
with a value of COP equal to 4.61. The R-410a refrigerant was used in both catalogs. In
our model the coefficient of performance, was determined by using the R-410a
refrigerant as part of the cycle running under the same operating conditions for both
catalogs. The simulated VRF air conditioning system had a COP value equal to 5.08.
Present numerical COP results correlate with an average margin of 4.5%, and 9.2% with
the Hitachi and Toshiba catalog respectively.

Table 2.1: Comparison between simulated COP and experimental COP for R-410a.
Present Result
COP

Experimental
4.85[29]

5.08

4.61[30]

Our simulated model ignored any pressure drop in the condenser and the
evaporators units due to friction and heat transfer. All these conditions will affect the
COP of the simulated VRF system if they have been taken into account. The difference
between the two experimental values might come from the differences in pipe lengths
which affects the friction and the heat transfer. In addition, the differences between the
compressor’s performance for each manufacturer might have been influenced the results.
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Chapter 3: Exergy Analysis of a Typical Air Conditioning System

3.1 Mathematical Model
Figure 3.1 shows a schematic diagram of the air conditioning system that supply
air to a specific temperature controlled room. The air passing through the dehumidifier or
condensing unit is a mixture of the outside fresh air and a portion of the bypassed air
coming from the air conditioned room. A fraction of the return air from the room is
exhausted to the environment to maintain the mass balance of the system. The amount of
air to be exhausted or bypassed depends on the nature of the conditioned space. In highly
contaminated environments such as hospital rooms or welding shops, the system is
designed with no bypass, whereas in a typical residential room a large amount of bypass
air can be used to save energy.
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Figure 3.1: Schematic diagram of the air conditioning system.
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The base model of the A/C system was taken at outside air temperature (To=
35oC) and relative humidity (RHo = 70%), sensible heat ( Qsen = 12.30 kW), latent heat (

Qlat = 3.51 kW), room air temperature (Tr= 20oC), and relative humidity (RHr= 40%),
outside air flow rate (qo = 0.38 m3/s), and bypass air flow rate (qb = 0.61 m3/s). The range
of parameters covered in the analysis included outside air temperature (T o= 25-60oC) and
relative humidity (RHo = 50-85%), sensible heat ( Qsen = 11.50-13.25 kW), latent heat (

Qlat = 3.00-4.75 kW), room air temperature (Tr= 18-25oC), and relative humidity (RHr=
30-44%), and outside-mixture air flow rate ratio (qo/qm= 0.21-0.71).
The mathematical formulation of an air conditioning system takes into account
the mass balance of dry air and water, the energy balance by applying the first law of
thermodynamics, and the entropy or exergy balance by using the second law of
thermodynamics. The air and water properties were obtained from the ASHRAE
Handbook of Fundamentals [31]. The equations describing the conservation of mass,
energy, entropy and exergy balance for different processes can be written as:
Adiabatic Mixing of Air Streams
Dry air mass balance:
mao  mab  mam

(11)

Water mass balance:

mwo  mwb  mwm

(12)

Energy balance:
mao ho  mab hb  mamhm

(13)
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Entropy balance:
mao so  mab sb  mam sm  S gen  0

(14)

Exergy balance:
mao o  mab b  mam m  Ex dead  0

(15)

Ex d , AM  Tdead S gen  Tdead (mam sm  mao so  mab sb )

(16)

Dehumidifier or Condensing Unit
Dry air mass balance:
mam  mas

(17)

Water mass balance:
mwm  mw  mws

(18)

Energy balance:
mamhm  mas hs  Qout  mw hw

(19)

Entropy balance:

mam s m  mw s w 

Qout
 mas s s  S gen  0
T

(20)

Exergy balance:

mam m  Qout (1 

Tdead
)  mas s  mw w  Ex d  0
T

Ex d ,u  Tdead S gen  Tdead (mas s s  mw s w 

Qout
 mm s m )
T

(21)

(22)

Control Room
Dry air mass balance:

mas  mar

(23)
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Water mass balance:
mws  mw  mwr

(24)

Energy balance:
mas hs  Qin  mw hw  mar hr

(25)

Entropy balance:

mas s s  mw s w 

Qin
 mar s r  S gen  0
T

(26)

Tdead
)  mar r  mw w  Ex d  0
T

(27)

Exergy balance:

mas s  Qin (1 

Ex d ,r  Tdead S gen  Tdead (mar s r  mw s w 

Qin
 ms s s )
T

(28)

Therefore, total exergy destruction of the system can be written as:
Ex d ,sys  Ex d , AM  Ex d ,u  Ex d ,r

(29)

The exergy efficiency of the system can be expressed as:

 ex ,sys 

Ex d , sys
Ex out
 1
Ex in
Ex in

(30)

The sensible heat ratio (SHR) of the air conditioning system can be written as:

SHR 

Qsen
Qsen  Qlat

(31)
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3.2 Results and Discussion
The results of the exergy analysis are presented in terms of the outside conditions,
room conditions, including room sensible and latent heat loads, and dead state effects on
the exergy efficiency and exergy destruction of the A/C system. The dead state
temperature selection for case 1 is equal to the outside fresh air temperature. On the other
hand, the dead state temperature selection for case 2 is equal to 25°C.
Figure 3.2 shows the effects of the room latent heat load ( Qlat ) on exergy
efficiency and exergy destruction of the A/C system. All other room and outside
conditions were set equal to the base model. The figure below shows that as room latent
heat load increases, exergy destruction decreases and exergy efficiency increases. This is
due to the fact that the A/C system has to decrease the air relative humidity of the supply
in order to maintain the room conditions when the latent heat load increases. It’s
interesting to observe that the change in supply air relative humidity has a smaller effect
on exergy destruction. By comparing case 1 to case 2, one can say that higher dead state
temperatures increase the exergy destruction and exergy efficiency of the A/C system.
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Figure 3.2: Effects of the room latent heat load ( Qlat ) on exergy efficiency and exergy
destruction of the A/C system.
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Figure 3.3 shows the effects of the room’s sensible heat load ( Qsen ) on the exergy
efficiency and exergy destruction of the A/C system. All other room and outside
conditions were set equal to base model. The following figure illustrates that as room
sensible heat load increases, exergy destruction increases and exergy efficiency
decreases. This is opposite to the trend seen in figure 3.2. The reason is that the system
has to supply the room with lower air temperature in order to maintain the other room
conditions when sensible heat load increases. Also it’s interesting to note that the change
of the supply air temperature has a greater effect on exergy destruction than the change in
supply air relative humidity. On the other hand, the effect of the dead state temperature is
the same as discussed in figure 3.2.
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Figure 3.3: Effects of the room sensible heat load ( Qsen ) on exergy efficiency and exergy
destruction of the A/C system.
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Figure 3.4 shows the effects of the room sensible and latent heat loads ( Qlat , Qsen )
on the exergy efficiency and exergy destruction of the A/C system for case 1. The
calculation was conducted for the dead state temperature of 35°C which is the same as the
outside air temperature. The outside and room air conditions were kept as our base
model. Figure 3.4 plots the results as a function of sensible heat ratio (SHR) which is
frequently used for designing or sizing an air conditioning system. The changes of the
room sensible or latent heat load directly influence the SHR. In this figure, the SHR was
calculated by independently varying the sensible heat load and latent heat load while
keeping the other constants at the base value and plotted values of exergy destruction and
exergy efficiency corresponding to both of these variations. It can be noticed that as room
SHR increases, the exergy destruction increases and the exergy efficiency of the system
decreases. This is due to the fact that as the exergy destruction increases and the exergy
input remains the same since our outside conditions were constant; therefore, the exergy
efficiency of the A/C system decreases. This relationship can be seen in equation (30). It
is also interesting to note that sensible heat load has stronger influence on the variation of
exergy destruction or exergy efficiency than when compared to latent heat load over the
same range of the variation of SHR. This is because the smaller value required for latent
heat load to change the SHR with the same increment when varying sensible heat load.
Therefore, it may be more appropriate to consider Qsen and Qlat independently instead of
SHR when designing an air conditioning system for improved exergy efficiency.
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Figure 3.4: Effects of the room sensible and latent heat loads ( Qsen , Qlat ) on exergy
efficiency and exergy destruction of the A/C system as a function of the SHR of the room
(Tdead= To).
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Figure 3.5 shows the effects of the room sensible and latent heat loads ( Qlat , Qsen )
on the exergy efficiency and exergy destruction of the A/C system for case 2. The
calculation was conducted for the dead state temperature of 25°C. The outside and room
air conditions were kept the same as our base model. The changes of the room latent heat
load directly influence the SHR. This effect shows that the increment of the room SHR
increases the exergy destruction and decreases the exergy efficiency of the system. This
behavior occurs since the exergy input remains the same due to constant outside
conditions; therefore, the exergy efficiency of the system decreases. Through comparison
of figures 3.4 and 3.5, it can be observed that as the dead state temperature decreases, the
exergy destruction and exergy efficiency of the A/C system decreases. The reason that
the exergy efficiency decreases is due to the decrease of the exergy input at a greater rate
than the exergy destruction of the system for different dead state temperatures.
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Figure 3.5: Effects of the room sensible and latent heat loads ( Qsen , Qlat ) on exergy
efficiency and exergy destruction of the A/C system as a function of the SHR of the room
(Tdead= 25oC).
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Figure 3.6 shows the effects of the outside air temperature (To) on exergy
efficiency and exergy destruction. The dead state temperature was set equal to the outside
air temperature for case 1 and equal to 25°C for case 2. The room air temperature, air
relative humidity and outside air relative humidity were kept the same as our base model.
Case 1 shows that as outside air temperature increases, the exergy destruction increases
exponentially. On the other hand, the exergy efficiency of the A/C system shaped as a
parabola opens downwards with a maximum value at 45°C. The reason for the trend
observed in case 1 is due to the fact that the exergy input of the system increases in a
constant rate while the exergy destruction of the system increases at higher rates after
40°C of outside air temperature. Case 2 shows that as outside air temperature increases,
the exergy destruction increases exponentially. On the other hand, the exergy efficiency
of the A/C system shapes as a parabola opens upwards with a minimum value at 40°C.
This is due to the fact that the exergy input of the system increases at a higher rate than
exergy destruction for higher outside air temperatures, therefore, it increases the exergy
efficiency of the A/C system.

46

0.35

25

0.3
Exergy efficiency, case 1
Exergy efficiency, case 2
Exergy destruction, case 1
Exergy destruction, case 2

Exergy efficiency, ηex

0.25

0.2

15

0.15

10

0.1

Exergy destruction, Exd (kW)

20

5
0.05

0

0
25

30

35
40
45
50
Outside air temperature, To (°C)

55

60

Figure 3.6: Effects of the outside air temperature (To) on exergy efficiency and exergy
destruction of the A/C system.
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The effects of the room air temperature (Tr) on exergy efficiency and exergy
destruction are shown in figures 3.7 for both cases. The outside conditions and room
relative humidity were kept as our base model. Figure 3.7 shows that as the room air
temperature increases, the exergy destruction decreases until it reaches a minimum value
at 23°C then it starts to increase. On the other hand, the exergy efficiency of the A/C
system increases almost linearly. The reason behind the linear increasing in the exergy
efficiency is the higher increasing rate in the exergy input when the exergy destruction
starts to increase again. The analysis holds true for both cases and the effects of the dead
state temperature follow the same trend discussed in previous figures.
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The effects of outside air relative humidity (RHo) on exergy efficiency and exergy
destruction of the A/C system are shown in figure 3.8. The outside temperature and room
conditions were kept at the same conditions as our base model. Figure 3.8 shows that the
increment of the outside air relative humidity increases the exergy destruction and
decreases the exergy efficiency of the A/C system. This behavior occurs because the
exergy input increases at a slower rate than the exergy destruction; therefore, the exergy
efficiency of the system decreases. The effects of the dead state temperature follow the
same trends discussed in previous figures.
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Figure 3.8: Effects of outside air relative humidity (RHo) on exergy efficiency and exergy
destruction of the A/C system.
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The room relative humidity (RHr) effects on the exergy efficiency and exergy
destruction of the A/C system are illustrated in figure 3.9. The outside conditions and
room air temperature were again kept as our base model. Figure 3.9 shows that the
increment of the room relative humidity of the A/C system increases the exergy
destruction and decreases its exergy efficiency. This effect is due to the smaller increment
of the exergy input in comparison with the exergy destruction of the A/C system.
Additionally, the increment of the dead state temperature increases the exergy destruction
and exergy efficiency of the A/C system.
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Figure 3.9: Effects of the room air relative humidity (RHr) on exergy efficiency and
exergy destruction of the A/C system.
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Figure 3.10 shows the effects of outside to mixture air flow rate ratio (qo/qm) on
exergy efficiency and exergy destruction. The dead state temperature was kept at 35oC.
The outside and room air conditions were kept the same as our base model. Figure 10
shows that by increasing the outside-mixture air flow rate ratio from 21% to 71% of the
total air flow, the exergy destruction increases and the exergy efficiency decreases. This
is due to the higher increasing rate of exergy destruction when compared to the exergy
input of the A/C system.
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Chapter 4: Conclusions

4.1 Variable Refrigerant Flow
A number of important conclusions can be derived from the present numerical
results. In this paper, the VRF system’s performance was analyzed by varying different
cycle parameters. The increment of the evaporator’s temperatures increased the COP of
the VRF cycle. The COP of the VRF system decreases as the condenser temperature of
the system increases. The COP of the VRF system decreased more under different
evaporator’s temperature conditions. The COP of the VRF system decreased further for
R-22 when evaporators are running at different temperatures. Part load calculations
showed that the PLF decreases as the working load of the evaporators decrease. The
simulation results compared reasonably well with the experimental data obtained from air
conditioning manufacturer’s catalogs [29, 30]. Present results showed a good agreement
within an average percentage of error less than 10%. Many factors including the ideal
assumptions affected the COP of the VRF system numerically studied; therefore, a
percentage of error associated with the experimental results is expected.

4.2 Exergy
The simple air conditioning system has many factors that affect its performance.
Our investigation showed that air conditioning systems have low exergy efficiency.
Relationships between exergy efficiency, exergy destruction, and exergy input to
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different parameters of psychrometric process have been studied thoroughly. Maximum
exergy efficiency can be reached by increasing exergy input and decreasing exergy
destruction of the A/C system. Exergy efficiency also can be increased by increasing
exergy input by a higher rate than exergy destruction or by decreasing exergy destruction
in a higher rate than exergy input. Large systems with multiple indoor units can be
analyzed by using the same system of equations presented to calculate their exergy
efficiency.

4.3 Recommendations for Future Research
Future work can be conducted for the VRF system by analyzing the effects of
pressure drops in condenser and evaporators by taking into account the effects of heat
transfer and friction in refrigerant pipes. Also, studying similar systems under heating or
simultaneous cooling/heating conditions is substantial to improve the VRF system.
Moreover, future work can be done by analyzing exergy efficiency of A/C
systems under heating condition. This kind of study will be more valuable for places
where heating is used most of the year. Also, exergy analysis can be conducted for
variable refrigerant flow systems since they are known for their high performance and
energy savings. This will uncover any room for more improvement in such system.
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